
Received: 5 December 2022 Revised: 22 February 2023 Accepted: 28March 2023

DOI: 10.1002/biot.202200610

R E S E A RCH ART I C L E

Studying the impact of cell age on the yeast growth behaviour
of Saccharomyces pastorianus var. carlsbergensis bymagnetic
separation

Marco Eigenfeld1 LeonieWittmann2 Roland Kerpes1

Sebastian P. Schwaminger2,3,4 Thomas Becker1

1TUMSchool of Life Science, Technical

University ofMunich, Chair of Brewing and

Beverage Technology, Freising, Germany

2TUMSchool of Engineering andDesign,

Technical University ofMunich, Chair of

Bioseparation Engineering, Garching,

Germany

3Otto-Loewi Research Center, Division of

Medicinal Chemistry, Medical University of

Graz, Graz, Austria

4BioTechMed-Graz, Graz, Austria

Correspondence

Roland Kerpes, TUMSchool of Life Science,

Technical University ofMunich, Chair of

Brewing and Beverage Technology,

Weihenstephaner Steig 20, 85354 Freising,

German.

Email: roland.kerpes@tum.de

Sebastian P. Schwaminger, Otto-Loewi

Research Center, Division ofMedicinal

Chemistry, Medical University of Graz, Neue

Stiftingtalstr 6, 8010Graz, Austria.

Email: sebastian.schwaminger@medunigraz.at

Funding information

Deutsche Forschungsgemeinschaft,

Grant/Award Number: 441672360

Abstract

Despite the fact that yeast is a widely used microorganism in the food, beverage, and

pharmaceutical industries, the impact of viability and age distribution on cultivation

performance has yet to be fully understood. For a detailed analysis of fermentation

performance and physiological state, we introduced a method of magnetic batch sep-

aration to isolate daughter and mother cells from a heterogeneous culture. By binding

functionalised iron oxide nanoparticles, it is possible to separate the chitin-enriched

bud scars by way of a linker protein. This reveals that low viability cultures with a high

daughter cell content perform similarly to a high viability culture with a low daughter

cell content. Magnetic separation results in the daughter cell fraction (>95%) show-

ing a 21% higher growth rate in aerobic conditions thanmother cells and a 52% higher

rate under anaerobic conditions. These findings emphasise the importance of viability

and age during cultivation and are the first step towards improving the efficiency of

yeast-based processes.
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1 INTRODUCTION

Saccharomyces yeast is an essentialmicroorganism for food production,

and is used in food supplements,[1] biofuels, and chemicals – espe-

cially bioethanol – to replace high-energy-density fuels with biobased

resources.[2] They are the ones most widely used in pure cultures,

especially in the beverage and baking industries, as well as in cocul-
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tures in mixed fermentation processes.[3] In particular, Saccharomyces

species are a key factor in biotechnical applications, due to their high

fermentative capacity.[4]

There is a growing interest in increasing the product yields of cur-

rent fermentation procedures. This can be achieved by optimising fer-

mentation performance either bymetabolic/genetic engineering[5,6] or

by focussing on the production quantity in dependence on singular cell

age.
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These applications, both biotechnological and food and beverages,

are highly dependent on the physiological state of the cultures used.

The physiological state of yeast cells is described by their viability,

vitality, and cellular age. Viability represents the ratio of living to

dead cells, whereas vitality describes the metabolic activity of living

cells in dependence on the aging process.[7,8] Vitality is a key param-

eter for evaluating yeast cell quality in the brewing industry. Yeast

cells with a high vitality enable the production of high-quality beer, as

indicated in the study conducted by Krieger-Weber.[9] However, bio-

chemical activity and yeast cell age also have a significant impact on

beer quality.[10]

In previous studies, for instance, the utilisation of available sugar

was shown to commencemore slowly in a culture consisting exclusively

of daughter cells than in a mixed culture,[11] due to the adapta-

tion of daughter cells to a changing environment. The sole presence

of daughter cells, indicating successful separation, was verified only

by microscopy of the visible cell surface. In contrast, other studies

have shown that the glucose uptake rate in aged cells (at the end of

their life span) decreases to approximately 10% compared to young

cells.[12] This reduction correlates with the simultaneous decrease in

fructose-1,6-bisphosphate.[13]

Generally, aging is defined as a decline in physiological function[14]

accompanied by metabolic changes[15] with a replication-specific

increase in mortality, implying that old cells are more likely to die than

young cells. When measured across a population, this property results

in a sigmoidal survival curve,[12–14] which has been reported for hap-

loid, anddiploid yeast strains fromall genetic backgrounds investigated

to date.[16,17]

Two models are generally applied for the definition of yeast cell

age: replicative lifespan (RLS) and chronological aging. RLS is defined

as “the number of daughter cells produced by the mother cell before

senescence occurs.”[18] This parameter is determined by counting the

number of bud scars resulting from each division process.[19] Senes-

cence is the non-replicative state that leads to cell death and autolysis.

The number of possible divisions of a yeast cell until it reaches

senescence[20] is generally 10–30.[21] Depending on the cultivation

medium, lower cell cycle numbers have also been observed, however.

In contrast, chronological lifespan is related to the length of time a non-

dividing cell can maintain its viability and re-enter proliferation under

favourable conditions.[22] Metabolism might be of key importance to

the molecular causes of chronological aging. Studies have confirmed

that ethanol plays a vital role in aging, since ethanol influences the res-

piratory chain and, in turn, the chronological agingprocess,[23] whereas

acidificationdue toacetic acidhasbeenput forwardas thedeterminant

cause of aging.[24,25]

In contrast, during the RLS of yeast, changes in the metabolic

level result in reduced substrate uptake and a decrease in growth

rates, and anaerobic fermentation switches to respiration with the

production of acetate and glycerol.[12] RLS is an established model

for examining aging processes and describing the cell age distri-

bution in yeast populations.[18] In contrast to chronological aging,

in RLS cell damage (oxidised proteins, damaged mitochondria) and

defects (extrachromosomal ribosomal rDNA circles, mutations) can be

eliminated, which results in a tool that can be used for rejuvenating a

yeast culture.

The distribution of cell age in a yeast population as well as the via-

bility and vitality of the cells are essential factors when it comes to

ensuring their precise fermentation performance in industry.[26,27]

These relationships indicate how important it is to better under-

stand yeast cell aging in cultivation processes, for instance, in the

context of stress reactions[18] and age distributions in a culture.[12,28]

It is essential to gain information on the interplay between yeast

vitality and single-cell age to attain the desired effective control of

(industrial) fermentation processes.

Beyond the industrial strains of Saccharomyces used in food and bev-

erage fermentation, there is minimal knowledge regarding the impact

of aging on food production and process performance, since it is

not possible to perform non-invasive separation of differently aged

fractions in cell numbers enabling fermentation on a 1-mL scale (inoc-

ulation cell concentration: 107 cells mL−1). Fluorescence-activated

cell sorting is a commonly used approach for sorting cells according

to their fluorescence properties.[29,30] Here, flow cytometry detects

yeast cells and determines their fluorescence intensity. The detected

cells are then sorted according to their fluorescence intensities.[31]

This approach cannot be used in our case, since the fluorescence

intensities determined have to be processed by autofluorescence cal-

culation and subtraction.[32] As flow cytometry cannot perform this

offline data processing, another method of cell sorting needs to be

developed.

Magnetic separation presents itself as a suitable method of yeast

cell separation. In contrast to centrifugation, which focusses on cell

differentiation by cell size, rather than directly on age, the advantage

of magnetic separation is that no shear forces act on the yeast cells,

and separation is directly correlated to age.[33] This method uses iron

oxide nanoparticles, which can adsorb to the diamagnetic yeast cells

due to electrostatic interaction with the cell surface. As many studies

have already shown,[34–36] it is a non-invasive process that does not

influence a yeast’s metabolism. Using this method, Berovic et al. suc-

ceeded in significantly lowering the separation time of yeast cells in

wine production without influencing the yeast’s metabolism.[34]

Moreover, using magnetic nanoparticles increased the separation

performance in terms of both time and efficiency in the course of

bioethanol production with S. cerevisiae.[37] However, the aim of both

applications was to concentrate an entire heterogeneous yeast popu-

lation from the cultivation broth due to the unspecific binding of the

magnetic nanoparticles. Magnetic separation is also applicable to age-

related separation, as it is achieved by the biotinylation of mother cells

adsorbing to magnetic streptavidin-coated beads. This technique has

enabled theexecutionof geneexpression studies; however, these could

only be performed on an analytical scale and without selecting older

cells, as they are coatedwith biotin.[38]

To enable age-based separation in these studies, we introduce

a magnetic separation method to analyse the cultivation perfor-

mance of Saccharomyces pastorianus var. carlsbergensis yeast cells

(107 cells mL−1) with higher RLS (mother cells) compared to low RLS

(Figure 1). An advantage of our method is that it is non-invasive and
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F IGURE 1 Diagram showing themagnetic separation process. A heterogeneous yeast culture is labelled with ethylenediaminetetraacetic acid
(EDTA)-functionalised iron oxide nanoparticles, stabilised by a silica shell, which adsorbs to the linker-protein-labelled bud scars of the yeast cells.
The supernatant, composed of the non-labelled daughter cells (i), is collected andmagnetically separated from the oldmother cells (ii), in a batch
process.

does not influence cell viability, due to the use of functionalised, super-

paramagnetic ironoxidenanoparticles (IONs).[39] Moreover, compared

with FACS magnetic separation is both age-specific and fast, since we

used the chitin-enriched bud scars for age differentiation.[40] Here,

the signals of fluorescent bud scars and yeast cell autofluorescence

overlap for differently aged yeasts, so data post-processing is needed

to obtain the cell age distribution. In contrast, magnetic labelling of

second-generation and older cells allows first-generation daughter

cells to be isolated and their growth behaviour analysed. This non-

invasive and fast-acting magnetic batch separation method provides

scope for further investigation of the impact of young and old yeast

cells in terms of the age and synthesis of bioproducts like ergosterol

or fatty acid production in future studies. Additionally, the use of

bud scars containing chitin means that this approach can be trans-

ferred to all other similar yeast strains for studying protein or chemical

synthesis.

2 MATERIAL AND METHODS

2.1 Synthesis of EDTA-functionalised
silica-coated iron oxide nanoparticles

Bare iron oxide nanoparticles were synthesised by co-precipitation,

as previously published.[41,42] The bare iron oxide nanoparticles were

then coated with silica to increase their colloidal stability, and amine

groups were introduced for later functionalisation with ethylene-

diaminetetraacetic acid (EDTA), as performed in ref.[43] It should

be pointed out that the protocol used was modified to obtain the

nanoparticle characteristics (Supplementary information [SI]). To do

this, 179 mg of bare iron oxide nanoparticles were resuspended in

100 mL of Millipore water and dispersed by ultrasonication on ice

(3 min, 20%, 10 s on, 15 s off, 20 kHz, Branson Ultrasonics). 100 mL

of 5.5 g L−1 citric acid were prepared and ultrasonicated (3 min, 20%,

10 s on, 15 s off). Both solutions were mixed and again ultrasonicated

(5 min, 20%, 10 s on, 15 s off). After 15 min of incubation, the pH was

adjusted to 11 with 25% tetramethylammonium hydroxide (Sigma–

Aldrich). A nitrogen-evacuated 4 L flask was then filled with 2.72 L of

ethanol abs. (99%, VWR), 0.72 L of Millipore water, 0.18 L of ammonia

solution (25%, Carl Roth), and 0.18 mL of the bare iron oxide nanopar-

ticles solution. The quantity of ethanol is necessary to disperse the

bare iron oxide nanoparticles and minimise the agglomerate size of

the nanoparticles, which are surrounded by the silica shell. The reac-

tion was triggered by adding 6.94 mL of tetraethylorthosilicate (TEOS,

Sigma–Aldrich) with a syringe via the septum. After a reaction time of

1 h at 4◦C under continuous ultrasonication (45 kHz, VWR), 1.984 mL

of (3-aminopropyl)triethxysilane (APTES, Sigma–Aldrich) were added

by syringe, introducing amine groups to the silica shell. The reaction

continued for another hour maintaining the aforementioned condi-

tions. The particles were washed first by centrifugation (4600 × g,

30 min), and then seven times magnetically with ethanol absolute

until a pH of 9.5–9.7 was attained. Finally, the particles were washed

magnetically with degassed Millipore water until a conductivity of

<150 μS cm−1 was reached. Prior to storage under a nitrogen atmo-

sphere at 4◦C, the particles were dispersed by ultrasonication on ice

(5 min, 20%, 10 s on, 15 s off). The concentration was determined

gravimetrically by drying 300 μL of the particle suspension overnight

at 60◦C.

In a second synthesis, the silica shell particles were functionalised

with EDTA by amide bonding. Here, 100 mg of the particles obtained

were mixed with 100 mL of 0.075 mol L−1 EDTA (EDTA disodium salt

dihydrate, Carl Roth) in a 0.5 L flask at 60◦C for 2 h in an ultrasonica-

tion bath (132 kHz, Sonorex). The EDTA-functionalised nanoparticles

were then washed with degassed Millipore water (σ < 150 μS cm−1)

and stored as described above.

For characterisation of the EDTA nanoparticles, the hydrodynamic

diameter was determined by dynamic light scattering (DLS), trans-

mission electron microscopy (TEM) images taken, and the magnetic

susceptibility analysed with a superconducting quantum interference

device (SQUID), according to the method described in Wittmann

et al.[42] The Fourier-transform infrared spectra (FT-IR) were mea-

sured as described by Turrina et al.[41]
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2.2 Strain and strain maintenance

Weused the bottom-fermenting yeast strain S. pastorianus var. carlsber-

gensis TUM 34/70 from our in-house collection. This strain was grown

on yeast extract peptone dextrose (YPD) agar plates (10 g L−1 Bacto

yeast extract, 20 g L−1 bacto peptone, 20 g L−1 glucose, and 10 g L−1

agarose). The YPD medium was prepared and sterilised for viability

determination as described in the SI. All media components were sup-

plied byMerck Life Sciences (Darmstadt). Pure yeast cells were grown

to the mid-log phase (optical density at 600 nm [OD600] = 0.2–0.5)

before the start of each experiment, except where noted. Inoculation

wasmade to a concentration of 107 cells mL−1.

2.3 Bud scar staining

Budding yeast has been widely used as a model organism to exam-

ine the effects of age. Bud scar staining was performed according

to Eigenfeld et al.[40] using a recombinant protein, His6-Sumo-sfGFP-

ChBD, which selectively binds to yeast cell surface chitin due to the

chitin binding domain (ChBD), as previously shown.[40] Briefly, a yeast

cell suspension was washed three times at 1000× g for 1min in 20mM

MOPS buffer (Carl Roth, pH adjusted using 1 M NaOH) (pH 7.3) and

diluted to an OD600 of 1.0 using 20 mM MOPS buffer. A mixture was

then made of 150 μL of yeast suspension, corresponding to 1.8 × 106

yeast cells, and 300 μL of 4000 nM protein solution (His6-Sumo-sfGFP-

ChBD). The cells were stirred gently in darkness for 30 min at room

temperature, harvested by centrifugation at 1000 × g for 1 min, and

washed three times with 20 mM of MOPS (pH 7.3). Finally, the stained

cell culture was resuspended in 1mL ofMOPS and used for cytometric

measurements.

2.4 Magnetic labelling and separation of
heterogeneous yeast culture

For adsorption of the linker-protein-stained bud scars to the EDTA-

functionalised nanoparticles, they were first loaded with 10 mM NiCl2

(Nickel(II) chloride hexahydrate, Sigma–Aldrich) in a 1 g L−1 deminer-

alised water (DI-water) solution for 15 min at 1000 rpm at 22◦C. The

particleswere thenwashed twicewith 20mMMOPS, pH7.3 for 10min

at 12,000 × g and resuspended in an ultrasonication bath for 15 min

(45 Hz, VWR). The particles were concentrated to a 2 g L−1 solution in

the final wash step.

Meanwhile, the bud scars were stained with the linker protein as

described above using 20 mM of MOPS pH 7.3. The stained yeast cells

were concentrated to an OD600 of 2 and then mixed in a 1:1 ratio with

a 0.16 g L−1 solution of nickel-loaded nanoparticles. Next, the mixture

was incubated for 1.5 h at 1000 rpm and 22◦C to ensure the specific

binding of the particle agglomerates to the yeasts’ bud scars.

After incubation, the magnetically labelled yeast cells were placed

near a magnet to separate the non-labelled daughter cells from the

magnetically labelled mother cells. After 30min, the supernatant, con-

taining the daughter cells, was collected by slow and careful pipetting

(9.5 mL of 10 mL). The OD600 was then determined for both fractions

(for the blank measurement, either a buffer or a suspension with the

corresponding particle concentration was used). The specificity of the

binding was verified in triplicates by flow cytometry (Cytoflex, Beck-

manCoulter) and lightmicroscopy (Zeiss AxioObserver 7). Aminimum

of 150 cells per sample (n=3)were analysed for lightmicroscopic anal-

ysis. As only 50% of the yeast cell surface was visible, the absolute bud

scar number was determined as described in ref.[40] The absorption

behaviour of the linker protein to the nanoparticles was determined

bymixing 1 g L−1 of nickel-loaded nanoparticles with different concen-

trations of linker protein for 1 h at 1000 rpm, 22◦C. The nanoparticles

were magnetically separated for 10min, and the supernatant was cen-

trifuged for 5min at 17,000× g to remove all particles. The supernatant

was then analysed using a Bicinchoninic acid assay (Tecan Infinite

M200 PRO Series). For the scanning electron microscopy images, the

yeast cells were first loaded with protein and particles as described

and then fixed with 2.5% glutardialdehyde for 1 h, 1000 rpm, 22◦C.

The cells were then washed with 20 mM MOPS buffer, pH 7.3, and

pipetted onto a microscopic slide. After 15 min of incubation, the sam-

ple was washed with 30%, 50%, 70%, 80%, 96%, and 100% ethanol.

The final wash step was performed three times. The sample was dried

in a desiccator overnight before being used for the scanning electron

microscopy.

2.5 Mother and daughter cell cultivation of the
magnetically separated yeast cell culture

The mother and daughter cells from the magnetic separation and a

non-separated yeast cell culture were inoculated at OD600 = 1 in a

1mL cultivation volume, which is equivalent to industrial conditions of

107 cells mL−1 for inoculation. Cultivation was performed in a sterile

48-well plate in triplicates using wort (composition found in SI) with

double orbital shaking at 365 cpm (3 mm) in a plate reader (Cytation

5 plate reader, Agilent). Aerobic conditions were created at 25◦C in

Breathe-Easy Sealing Membrane sealed plates, and anaerobic condi-

tions at 14◦C, by covering the well plates with nitrogen and sealing

with a non-permeable SealPlate covering. The OD600 was measured

every 3 min. When the stationary phase was reached, the wells were

harvested to determine viability, age distribution, and sugar content

(SI).

The growth rate was determined by natural logarithmisation of the

OD600 and linear fitting to the exponential growth phase.

2.6 Data analysis

Data of intracellular pH-value (ICP) measurements were analysed in

R studio.[44] To do this, yeast samples were eliminated from outliers

using the mvoutlier package[45] according to front scatter and side

scatter behaviour at 488 nm. Outliers in calibration curves were elim-

inated by applying Cook’s distance, as described by Dennis Cook,[46]
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F IGURE 2 (A) Optimised age-distribution of inoculated culture (daughter–mother quotient of 2.97); n= 3; error bars represent the standard
deviation of the triplicatemeasurement. (B) Comparison of the yeast population’s viability and daughter/mother cell content; each point
represents one distinct measurement.

using R studio software. The cut-off criterion for Cook’s distance

was chosen as 4 n−1, as recommended by Hardin & Hilbe, where n

represents the total number of data points.[47]

The yeast cell age distribution was determined as described

by Eigenfeld et al.[32] Briefly, the replicative cell age distribution

was determined by measuring the fluorescence intensity of yeast

cells using stained bud scars, followed by autofluorescence predic-

tion using the random forest model. Subsequent autofluorescence

subtraction resulted in a fluorescence intensity distribution, allow-

ing the determination of age fraction content by Gaussian mixture

analysis.

The viable and non-viable cellswere classified using a random forest

model,[39] as published previously.

3 RESULTS AND DISCUSSION

3.1 Assessment of daughter cell content variation
of heterogeneous culture over time

Yeast cells were cultivated aerobically and anaerobically in a YPD

medium to determine the connection between replicative cell age,

viability, vitality, growth (optical density at 600 nm; OD600), and pH

value. The results are shown in detail in the SI section (Figure S4).

In addition, cultivations were conducted with yeast cells of good

(93.5% ± 0.4%; daughter cell content: 0.41; first mother cell genera-

tion content: 0.28) or low (20.1% ± 3.1%; daughter cell content: 0.41;

first mother cell generation content: 0.30) viability, keeping daugh-

ter and mother cell content constant (Figure S5A,B) (detailed age

distribution is shown in Table S1, SI section). This experiment demon-

strated that low-viability yeast with the same mother/daughter cell

quotient performedworse, with 30% lower optical densities after 96 h

of fermentation (p < 0.05) and, therefore, does not work according to

biomass formation in the fermentation process when compared to the

good viability yeast population. However, in both cultivation processes

(high and lowviability), the daughter cell content increases on initiation

of the exponential growth phase. According to the data we obtained,

the yeast cells are conventionally harvested at the end of exponential

growth and have a high daughter cell content. Therefore, in the next

step, we used yeast cells taken from the second half of the exponen-

tial growth phase (daughter cell content: 0.71, first-generation mother

cells: 0.24).

Additionally, to check whether this distribution affects fermenta-

tion, the viability of the culture was lowered to 0.27 (Figure 2A) with a

mixture of one part yeast population and three parts thermally deac-

tivated cells. Interestingly, there was no decrease in the daughter

cell content after inoculation. Rather, the exponential growth phase

was initiated rapidly, while a decrease in the daughter cell content

increased the yeast viability from 0.14 to 0.83. Comparing the pH

progression and the optical density, the fermentation process of the

high-viability yeast process is similar to this optimised age-distribution

(daughter cell content: 0.71, first-generation mother cells: 0.24) one.

The pH decreases from 6.2 to 5.6 within 96 h, and the optical den-

sity follows the sigmoidal growth curve. The findings were obtained

during the transient states of growth (i.e., in a nutritional shift-up, in

a nutritional shift-down, and after the addition of cyclic AMP [cAMP]),

indicating that the overall population requires several hours to reach

the new balanced growth condition.[48]

These contrast with the traditional assumption that age fractions

are constant in yeast cell populations but support the results of

variations in cell age compositions, especially regarding daughter

cell content, as previously demonstrated by the authors.[32] It is

assumed that under optimal conditions, the daughter cell content is

50%, the mother cell content is 25%, the second-generation content
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F IGURE 3 (A)Microscopic image of the specific binding of ethylenediaminetetraacetic acid (EDTA)-functionalised iron oxide nanoparticles,
agglomerated with the linker protein, to the yeasts’ bud scar. (B) Age distribution of a heterogeneous yeast culture, labelled only with the linker
protein andwith adsorbed EDTA-functionalised iron oxide nanoparticles derived from cytometric analysis (nmin = 20,000 counts, n= 3, error bars
representing the standard deviation of the triplicatemeasurement). The age distribution is confirmed via microscopic image analysis
(nmin = 150 cells, n= 3, error bars representing the standard deviation of the triplicatemeasurement) as an orthogonal method.

is 12.5%, and so on.[49] The deviation from this assumption can

be explained by the difference in the G1 phase, which depends on

cell age. Wang et al.[50] demonstrated by simulation that daugh-

ter cells have the same G1 phase duration as second-generation

mother cells. A previous simulation performed by the authors

confirmed a major proportion of daughter cells in an exponential

growth phase.[32]

3.2 Age cell fractions in cultivations with high-
and low-viability yeast populations

Due to the similarities in the fermentation behaviour of the high-

viability andoptimised, age-distribution-inoculated, anaerobic fermen-

tations described in the previous section, we compared the viability

values with the daughter cell content (Figure 2B, top) and the mother

cell content (yeast cells with one bud scar; first-generation mother

cells) (Figure 2B, bottom) for each fermentation sample. This com-

parison indicated that yeast cell populations with low viability had a

daughter cell content of >60%. In contrast, in a yeast population with

high viability, themaximumRLSwas higher. These results indicate that

the age distribution within a yeast population varies in dependence

on the physiological state of the whole population. A yeast population

itself can adjust viability in the process, indicated by a high daughter

cell content in populations with a low viability. In this case, the pre-

mature death of older cells can be assumed to rescue the survival of

the whole population. Changes in RLS can furthermore be explained

by variations in the preferred sugar composition, as cells of differ-

ent ages consume specific sugars.[51–54] Another cause of the shift

in yeast populations towards a higher daughter cell content due to a

viability decrease can be a difference in stress resistance, since cells

with a higher RLS have imbalances in their energymetabolism,[12,55,56]

especially in an anaerobic environment.

3.3 Influencing cultivation performance by shift
of the cell age fraction

Based on these results, which indicate that daughter cell content

impacts fermentation performance, the effect of cell age, especially

that of mother cells and daughter cells that exhibit good viabil-

ity, should be analysed under industrial cultivation conditions. To do

this, a magnetic separation process is implemented to isolate two

fractions taken from a heterogeneous yeast culture: (i) a daugh-

ter cell fraction and (ii) an enriched mother cell fraction (Figure 1)

for subsequent growth studies in wort. IONs are very suitable for

such processes, as they are inexpensive and easy to functionalise,

and they exhibit superparamagnetic behaviour.[43,57,58] The EDTA-

functionalised IONs, stabilised by a silica-shell, have a primary diam-

eter of 142 ± 28 nm and show a maximum binding capacity of

0.0877 ± 0.0062 gLinker-protein/gNanoparticle to the His-tag of the linker

protein (Figure S6A,C,F). Additional characterisation data of the EDTA-

functionalised iron oxide nanoparticles, such as TEM, FT-IR, DLS, and

SQUID, is given in the SI. Age-dependent magnetic labelling is ensured

by the C-terminal ChBD that binds to the chitin-enriched bud scar

of the yeast cell. GFP as a fluorescence marker is in between the

His-tag and the ChBD. An advantage of this method is that it is non-

invasive and does not influence cell viability, as it uses functionalised,

superparamagnetic iron oxide nanoparticles.[39]

Figure 3A is a qualitative depiction of the specific binding of the

linker protein particle agglomerates to the bud scars of a yeast cell.

First, the recombinant protein linker was bound to the yeast cells.

A correlation between the amount of fluorescence and the RLS of

yeasts has been published previously by Eigenfeld et al.,[32] so this

approach was applied as an orthogonal method. The specificity of

the particle binding is verified, as the bud scar distribution with

linker-protein-labelled yeast cells is comparable with the one obtained

with the linker-protein-particle agglomerates. The two distributions
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were measured by cytometry (Figure 3B) and compared. The micro-

scopic analysis corresponds with the cytometry data. The standard

deviation might be slightly higher; however, fewer yeast cells were

analysed (nmin = 150 cells, n = 3) compared to the cytometric mea-

surement. Differences might occur, as the latter analyses single cells

(nmin = 20,000 counts, n = 3) in a laminar flow, whereas the former

visualises cells that are fixed to a microscopic slide. Nevertheless, both

methods suggest a non-labelled daughter cell content of 60%, with

a magnetically labelled mother cell content of 40%, in a heteroge-

neous yeast culture. The binding of the EDTA-functionalised iron oxide

nanoparticles proves tobe specific, as themicroscopy analysis suggests

an unspecific binding proportion of only 9.53%± 0.03%.

The data furthermore reveals that in this experiment, the number of

yeast cells with four bud scars is negligibly small. In an earlier study, the

proportion of mother cells with four bud scars or more was ≤ 5%.[32]

A qualitative image of the binding system is shown in Figure 3A; addi-

tionally, a scanning electron image is presented in Figure S7 in the

SI.

Next, a heterogeneous yeast culture was separated in a magnetic

batch process to isolate the daughter cells from the mother cells. The

adsorption of the EDTA-functionalised iron oxide nanoparticles to the

bud scars via the linker protein was successful, as the daughter cell

contentwas increased from67.70%± 0.17% in the heterogeneous cul-

ture to 94.33% ± 6.25% in the supernatant fraction, in the separation

for aerobic cultivation. In the anaerobic case, it was increased from

70.87% ± 1.26% to 98.83% ± 0.83% (Figure 4A). It is this supernatant

fraction that is later referred to as daughter cells. For the magnetically

separated fraction (later referred to asmother cells), the daughter con-

tent is less than in the heterogeneous culture; however, some daughter

cells are also captured. Even if the unspecific binding proportion is

under 10%, daughter cells could have been separated accidently, being

encapsulated in a crosslinked agglomerate.

On the other hand, a budding mother cell always contains a bound

daughter cell, both being separated together. All three yeast cell frac-

tions show high viability after cell separation; however, the daughter

cell fraction is the highest, at 98.13% ± 0.11%, whereas the mother

cell fraction is decreased to 92.65% ± 0.45% (Table S2). On comple-

tion of the cultivation, the viabilities indicate no significant difference

between the three sets (viabilities: aerobic: 99.1% ± 0.2%; anaerobic:

96.9% ± 0.6%) These data suggest an interconnection between yeast

cell age and yeast viability. In terms of yeast vitality, which defines

cells’ metabolic power, a good value was determined in all three sam-

ples, after separation as well as after aerobic cultivation or anaerobic

fermentation (Table S3). ICPvalues above6.2 areassociatedwithexcel-

lent vitality,whereas values below5.2 indicate stressed yeast cellswith

lower vitality.[59]

It is evident from the microscopic analysis that the daughter cells

are smaller than the mother cells, while the heterogeneous culture

lies somewhere in between (Figure S8A,B). The cytometric analy-

sis confirms this trend. Furthermore, the surface roughness indicates

that the older cells differ in morphology, which has been reported

previously.[60] The size difference is not so pronounced because the

cell growth occurs in the G1-phase before budding starts.[61,62] There-

fore, there might also be first-generation yeast cells in the daughter

cell fraction, which have increased in size but have not yet started

budding. Additionally, the age distribution of the cell fractions reveals

that some daughter cells still remain in the magnetically separated

fraction (bud scar number = 0) (Figure 4A upper images). This con-

tamination of the mother cell fraction with daughter cells would result

from magnetic forces and the experimental setup. By separating the

mother cells using a magnet, the cells with magnetic particles become

aligned towards the field and separated due to the magnetic field on

the vessel wall. Daughter cells are also transported to the vessel wall.

After conducting aerobic cultivation for 24 h, the age distributions

of all three samples are comparable, with no significant differences

(daughter–heterogeneous: p = 0.401; daughter–mother: p = 0.444;

mother–heterogeneous: p = 0.241). This lack of difference can be

explained by the cultivation conditions, because the yeast cells are

in an aerobic environment and temperature, in which the genera-

tion time is 90 min or above.[63] The doubling time is reduced in

an anaerobic environment with a cold fermentation temperature,[64]

resulting in significant differences in the age distribution after 84 h

(daughter–heterogeneous: p = 0.225; daughter–mother: p < 0.005;

mother–heterogeneous: p< 0.005).

Magnetic separation processes for yeast cells have been devel-

oped since 1990, when Dauer and Dunlop presented a method of

high gradient magnetic separation (HGMS) of S. cerevisiae based on

the adhesion of γ-Fe2O3 particles. They used unfunctionalised iron

oxide nanoparticles, which bind unspecifically to the yeast cell surface,

targeting the separation of the whole heterogeneous population.[65]

The same principle of separation was applied to bioethanol production

with S. cerevisiae. Magnetic separation is enabled by L-lysine-coated

iron oxide nanoparticles bound to the cells.[37] However, the binding is

unspecific for both processes and does not allow age-dependent sepa-

ration, unlike the present study. The binding specificity of themagnetic

nanoparticles to the yeast cells’ bud scars relies on EDTA functional-

isation and the His-tag of the linker protein on the one hand and the

specific binding of the ChBD to the chitin-enriched bud scars on the

other.[40] Therefore, it is now possible to conduct a non-invasive inves-

tigation of the growth not only of a heterogeneous population, but

also of a separated one, consisting of a daughter-cell-enriched and a

mother-cell-enriched fraction.

After successful separation, aerobic and anaerobic cultivation (inoc-

ulation of 107 cells mL−1) of the three fractions under brewing process

conditions is compared to determine their growth behaviour. The aer-

obic process curve in Figure 4B suggests that the daughter cells enter

the exponential growth phase earlier than the mother cells and the

heterogeneous culture. The fluctuations in the lag phase indicate that

all fractions have to adapt to the new growth conditions after the

magnetic separation in buffer without nutrients; however, compar-

ing the growth rates, shown in Table S4 in the SI, it is clear that

under aerobic conditions, the young daughter cells have a 22% higher

growth rate (μmax = 0.03740± 0.00497 h−1) than the old mother cells

(μmax = 0.02927 ± 0.00154 h−1). The maximum growth rate of the ini-

tial cell population (heterogeneous) is 0.03099 ± 0.00215 h−1, that

is, between that of the daughter and mother cell population. Entering
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F IGURE 4 (A) Bud scar distribution of the heterogeneous culture, themagnetically separated fraction (mother cells), and the supernatant
fraction (daughter cells) for aerobic and anaerobic cultivation at inoculation t= 0 h and in stationary phase at t= 24 h for aerobic and t= 84 h for
anaerobic conditions; n= 3, error bars representing the standard deviation of the triplicatemeasurement. (B, C) Growth curves of heterogeneous,
daughter-, andmother-cell-inoculated cultivation in an aerobic and anaerobic environment under industrial conditions (wort, inoculum:
1.4× 107 cells mL−1 aerobic, 107 cells mL−1 anaerobic); n= 3. The shaded regions show the standard deviation of the triplicatemeasurement.

the stationary phase, the age distributions of all three fractions align.

Moreover, the daughter cells result in a higher OD600, which could be

attributed to the more efficient use of nutrients in the metabolism of

young cells.[12] The OD600 of the heterogeneous population is lower

than that of the mother cells, which might be attributed to the long

adaptation process that can be seen between 1 and 3 h. In this frame,

the separated and daughter cell sample is already growing. Focussing

on the maximum growth rate, as shown in Table S4, the heteroge-

neous yeast culture is between the daughter and mother cell cultures.

Nevertheless, the OD600 of all three fractions is similar when taking

into account the standard deviation. This observation is confirmed to

an even higher extent in anaerobic cultivation. Here, the mother cells

attain an OD600 of ∼2, whereas the daughter cells and the hetero-

geneous culture are at about ∼2.4, which is 17% lower after 80 h of

cultivation time (Figure 4C). Again, the cells have to adapt to the new

growing conditions during the lag phase, but the growth rate of the

daughter cells (μmax = 0.01853 ± 0.00017 h−1) is 51% higher com-

pared to the mother cells (μmax = 0.00907 ± 0.00045 h−1), indicating

a huge influence of cell age on fermentation performance. Again, the

initial yeast population is between the two other cell fractions in terms

of growth rate. The difference in growth rates during aerobic cultiva-

tion is less pronounced, as the ATP production due to the respiratory
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chain is faster and easier and, therefore,more difficult to analyse.Here,

34 ATP molecules are produced for one glucose molecule, whereas in

anaerobic conditions, energy production ismore complex, andonly two

ATP molecules are produced per molecule of glucose.[66] The older a

cell is, the more energy-consuming cell waste accumulates, for exam-

ple, defective proteins, mitochondria, or extrachromosomal ribosomal

tRNA.[67]

Young cells, on the other hand, save this energy, which enables them

to grow faster.[68,69] The difference in daughter cell content after 84 h

of cultivation time might be due to the lag-behind of the mother cell

cultivation, being in transition from exponential to stationary growth

(Figure 4A). These results indicate that besides high viability, age also

plays a crucial role in cultivation performance, as daughter cells grow

faster and more efficiently under aerobic and anaerobic conditions,

mainly due to their energymanagement and stress resistance. In future

studies, this fast, non-invasive magnetic batch separation method will

enable investigation of the impact of young and old yeast cells in terms

of age and the synthesis of bioproducts like ergosterol or fatty acid

production. Due to the method of yeast separation based on their

chitin-containing bud scars, this approach can be transferred to all

other yeast strains to study protein or chemical synthesis. By using an

inoculum with more daughter cells, it will be possible to increase the

efficiency of yeast-based processes in the brewing or pharmaceutical

industry.

4 CONCLUSION

In a controlled fermentation process, a defined relationship between

the quantity of daughter and mother cells is of equal importance to

good viability. It was shown that yeast cultivation with low viability

but high daughter cell content (0.71% ± 0.04%) results in the same

cultivation behaviour as yeast with good viability and low daughter

cell content (0.41% ± 0.05%). A low quotient of both cell types with

low viability has a negative impact. To obtain a good quotient for

cultivation, aerobic cultivation of low-viability yeast is necessary, as

previously used in practical processes.[70] Thus, good viability and a

good quotient between daughter and mother cells can be determined

after 60–72 h of aerobic cultivation. This paper presents a method of

magnetic batch separation that enables fast and simple isolation of

daughter and mother cells in a non-invasive process. Age-dependent

labelling of the yeast cell with EDTA-functionalised iron oxide nanopar-

ticles via the linker protein is specific, as the agglomerates bind directly

to the bud scars. This approach enabled growth studies with increased

and decreased daughter cell fractions to be performed. It is shown that

the growth rate of an aerobic daughter-cell-inoculated culture is 22%

higher than amother-cell-inoculated one. Under anaerobic conditions,

where the energy production ismore complex, the difference in growth

rates is 51%, showing that daughter cells are able to grow perceptibly

faster. These findings form the basis on which to improve the process

efficiencyof theyeast-cultivating industries by increasingdaughter cell

content.
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